Objective: To test the hypothesis that daily acute intermittent hypoxia (AIH) combined with hand opening practice improves hand dexterity, function, and maximum hand opening in persons with chronic, motor-incomplete, cervical spinal cord injury.
voluntary finger movements, and ability to follow commands. Persons with brain injury, cardiopulmonary complications, or other serious medical conditions were excluded. The Emory University Institutional Review Board approved the study, which is registered with ClinicalTrials.gov (NCT01272336).
Safety monitoring. We monitored cardiorespiratory function (GE Dash 4000 Monitor, Chicago, IL) throughout the protocols to ensure that heart rate (40-160 bpm), systolic blood pressure (85-160 mm Hg), and oxyhemoglobin saturation (.75%) remained within safe limits. 3 We also monitored pain, dizziness, distress, autonomic dysreflexia, and mental function before, during, and after treatment.
Protocols. Participants received daily (5 consecutive days) AIH
(15 episodes per day: 1.5 minutes of fraction of inspired oxygen [FIO 2 ] 5 0.09, 1-minute normoxic intervals) 3 followed by 20 repetitions of hand opening practice and normoxia (sham, FIO 2 5 0.21) 1 hand opening practice. Treatments were randomized with 2-week minimum washout periods. We delivered AIH with a gas mixing system (HYP-123, Hypoxico Inc, New York, NY) and nonrebreathing mask as reported previously. 1, 3 Inspired oxygen concentrations were monitored continuously (OM-25RME, Maxtec Inc, Salt Lake City, UT).
Hand assessment. We assessed hand function using 2 clinical outcome measures with high interrater and intrarater reliability: the Box and Block Test (BBT) 6 quantified hand dexterity, and the Jebsen-Taylor Hand Function Test (JTHF) 7 quantified hand use during daily-living activities.
As secondary outcome measure, we quantified maximum hand opening using 2 optical motion analyses systems (Northern Digital, Waterloo, Ontario, Canada) with infrared light-emitting diodes on the first fingernail and thumbnail (figure). 8 We instructed individuals to place their hand on a wooden ball (diameter 5 7.6 cm) while resting their forearm on a pad. On a visual go signal, participants maximally opened the hand for 3 seconds while the palm maintained ball contact (10 trials with 30 seconds of rest between trials). We acquired kinematic data at 100 Hz.
During maximum hand opening, we also recorded surface EMG from extensor digitorum and flexor digitorum superficialis muscles normalized to maximum voluntary contractions. 8 The extensor digitorum and flexor digitorum superficialis represented agonist and antagonist extrinsic hand muscles active during hand opening. EMG signals were amplified (AMT-16, Bortec Biomedical, Calgary, Alberta, Canada), low-pass filtered at 500 Hz, sampled at 2.5 kHz (PCI-6289, National Instruments, Austin, TX), and collected with custom software (Matlab xPC, MathWorks, Inc, Natick, MA). Coactivity ratios were calculated to assess changes in muscle coordination during maximum opening. 8 Statistical analyses. We used a randomized, double-blinded crossover design to test our hypotheses that daily AIH 1 hand opening practice enhances hand dexterity (BBT, seconds), function (JTHF, seconds), and maximum hand opening. We assessed differences from baseline and between treatments via Wilcoxon rank-sum tests. Using the Holm-Bonferroni method, 9 we corrected for multiple between-group comparisons. Corrected p values were considered significant at p , 0.05. Mean differences from baseline reported as means 6 standard error.
RESULTS Results reported in this study are not part of a larger ongoing trial. Daily AIH 1 hand opening practice improved hand dexterity, function, or opening in all participants (figure). AIH 1 hand opening practice improved BBT scores vs baseline in 5 participants (p 5 0.057) and vs sham 1 hand opening practice in all 6 participants (p 5 0.016). All participants reduced JTHF time after daily AIH 1 hand opening practice (27.2 6 1.4 seconds) vs baseline; 4 of 6 reduced JTHF time vs sham 1 hand opening practice (p 5 0.078). AIH 1 hand opening practice improved maximum hand aperture in 5 of 6 participants (8.1 6 2.7 mm) vs baseline (p 5 0.018) and sham 1 hand opening practice (p 5 0.030). In 5 participants, daily AIH-induced changes in hand opening were accompanied by improved EMG coactivity (p 5 0.029); sham 1 hand opening practice had no effect vs baseline activity (p 5 0.606).
Daily AIH 1 hand opening practice was well tolerated by all participants, with no adverse events reported. We found no differences in heart rate, blood pressure, oxyhemoglobin saturation, or cognitive function (Mini-Mental State Examination) before vs after 5 consecutive days of AIH 1 hand opening practice (all p . 0.05). DISCUSSION We demonstrate that daily AIH 1 hand opening practice enhances hand function in persons with chronic cSCI, extending earlier reports of improved respiratory function in rodents 2 and leg function in humans. 3 Hand dexterity (BBT and JTHF) was particularly sensitive to daily AIH 1 hand opening practice. This observation may reflect the combinatorial effect of AIH with task-specific training similar to task-specific benefits of AIH and walking practice. 3 Improved hand opening in 5 of 6 participants was accompanied by changes in muscle coordination, suggesting that daily AIH 1 hand opening practice may fine-tune muscle activation in a task-appropriate manner. Repetitive AIH may elicit synergistic benefits with AIH 1 task-specific training after SCI. In rodents, BDNF and its high-affinity receptor (TrkB) are necessary and sufficient for AIH-induced motor plasticity within relevant motor nuclei 1 and are similarly upregulated in other forms of training and task practice. Similarly, upregulation of BDNF mRNA via motor training is associated with functional recovery in rodents after SCI. 10 We hypothesize that AIH 1 task-specific training also may result in beneficial BDNF/TrkB signaling in humans; however, this possibility remains unknown.
Despite these exciting preliminary findings, the study has limitations. The small sample size reduced statistical power and prevented analyses of differences in user responsiveness based on injury severity (e.g., upper extremity motor scores), time since injury, and medication use. Although participants had a minimum washout period of 2 weeks, we cannot fully exclude carryover effects from daily AIH or hand movement practice to the subsequent sham protocol. Future large-scale trials should consider stratified populations according to function or injury level without crossover to limit confounds. Finally, we did not assess AIH and sham or sham effects without hand practice; thus, the extent to which AIH alone enhances hand function remains unclear. This report suggests need for further study of AIH as a plasticity primer for task-specific training in SCI rehabilitation.
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